The cerebral cortex is a complex structure that contains different classes of neurons distributed within six layers and regionally organized into highly specialized areas. Cortical layering arises during embryonic development in an inside-out manner as forebrain progenitors proliferate and generate distinct waves of interneurons and projection neurons. Radial glial cells (RGCs) derive from neuroepithelial cells and are the founding cortical progenitors. At the onset of corticogenesis, RGCs expand their pool by proliferative divisions. As corticogenesis proceeds, they gradually undergo differentiative divisions to either generate neurons directly (direct neurogenesis) or indirectly via production of intermediate progenitors that further divide to generate pairs of neurons (indirect neurogenesis). The fate of RGCs is finely regulated during all the corticogenesis process and depends on time-scaled perception of external signals and expression of intrinsic factors. The present Review focuses on the role of physiological extracellular cues arising from the vicinity of neural progenitors on the regulation of dorsal neurogenesis and cerebral cortex patterning. It further discusses how pathogenic viral factors influence RGC behaviour and disrupt cerebral cortex development.
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Keywords: cerebral cortex; environmental cues; neural progenitors; neurogenesis cortex [2, 3] . Similarly to NECs, RGCs maintain a bipolar morphology with apical and basal processes [4] . The neurogenesis time window of the developing cerebral cortex extends from E10.5 to E18.5 in rodents and precedes the gliogenesis period which terminates after birth [4] .
At the onset of corticogenesis, direct neurogenesis is predominant as RGCs divide asymmetrically to self-renew and generate a projecting neuron. As corticogenesis proceeds, RGCs give rise to intermediate progenitors (IPs) that delaminate from the apical surface to invade the subventricular zone (SVZ) (Fig. 2) . In contrast to RGCs and sometimes following one amplification step, IPs divide symmetrically to give birth to two identical neurons [5] [6] [7] . The process of indirect neurogenesis is more important in gyrencephalic species and is critical to generate the bulk of cortical neurons [8] . Projection neurons produced directly or indirectly from RGCs undergo a complex and temporally regulated migration process to reach the cortical plate (CP). Early born neurons rely on somal translocation to move basally and integrate the deep layers of the cortex. In contrast, later born neurons initially transit into multipolar morphology, further adopt a bipolar shape and finally attach the RGCs basal process to undergo locomotion towards the upper layers [9] [10] [11] [12] . During the establishment of the cerebral cortex, the projection neurons are produced in successive waves and generate six layers organizing one above the other, resulting in an inside-out patterning [13, 14] .
Two additional minor populations of neuronal progenitors have been described in the developing cerebral cortex of the mouse: the short neural precursor cells (SNPs) and the outer RGCs (oRGCs). Similarly to RGCs, SNPs reside in the VZ but are transcriptionally distinct from RGCs. Moreover, they lack basal attachment and they are only programmed to generate neurons via symmetric differentiative divisions [15, 16] . The oRGCs lack apical attachment and reside in the outer part of the SVZ. They share common molecular features with RGCs and are proportionally more important in the developing cortex of gyrencephalic mammals where they may contribute to the folding of the cortex [17] [18] [19] .
Despite their variety, cortical progenitors possess common features. For instance, NECs, SNPs and RGCs, globally termed apical progenitors (APs), harbour a nonmotile and small microtubule-based primary cilium protruding in the lateral ventricle from their apical surface [20] . The primary cilium is immersed in the cerebrospinal fluid (CSF) and works as an antenna to probe extracellular signals and initiate intracellular transduction of specific molecular pathways [21, 22] . The primary cilium is also required The proliferative behaviour of cortical progenitors and the specification of their daughter cell fate result from the integration of genetic programmes with the decoding of extrinsic signals arising from their vicinity. In the developing brain, morphogen signallings not only impact on intrinsic features of APs, but also have a global influence on the organization and development of the cerebral cortex. The present Review focuses on the role played by key environmental cues in neurogenesis and patterning of the cortex and discusses the deleterious impact of viruses that infect RGCs and that are associated with human cortical malformations.
Regulation of the biology of cortical progenitors by CSF-derived cues
The APs contact the lateral ventricles that are filled with the CSF secreted by the choroid plexus. The CSF composition changes during the corticogenesis period and contains diffusible morphogens that act as key drivers of cortical development [27] ( Fig. 1B ,C).
Sonic hedgehog
Sonic hedgehog (Shh) is a diffusible protein that belongs to the hedgehog family members. In the developing forebrain, Shh is mostly secreted from the ventral telencephalon into the CSF. However, it is also produced by the choroid plexus, the Cajal-Retzius cells in the marginal zone of the cerebral cortex and the interneurons that migrated to the CP [28,29]. The primary cilium is the core transduction platform for Shh signalling in the APs. In the ventral telencephalon, Shh contributes to the generation of oligodendrocytes and GABAergic interneurons, which later invade the CP by tangential migration [26, [36] [37] [38] . The cortical interneurons display a short primary cilium probing Shh signalling that controls their intracortical dispersion from the tangential migratory streams, a process important for their colonization into the CP [26] .
In contrast to the ventral telencephalon, the developing cortex undergoes limited Shh signalling whose physiological role remained poorly understood. Interestingly, an increase of Shh signalling in RGCs prolongs their self-renewal at the expense of the generation of IPs or neurons [39, 40] . Despite their reduced generation from APs, IPs undergo multiple round of divisions and, together with supernumerary RGCs transiting into oRGC, contribute to the folding of the mouse neocortex. Similarly to gyrencephalic brains, the uppermost layers arising from IPs and oRGCs are the most expanded [40] . The reduction of Shh signalling in RGCs impairs their proliferation, their survival and their ability to generate IPs, oRGCs and thus projection neurons [28, 40, 41] . This impairment of Shh signalling results in a reduced neuronal output responsible for size reduction of the dorsal telencephalon, a phenotype termed microcephaly.
Thus, this molecular signalling has key physiological roles in rodent brains to control the generation of IPs and to a lower magnitude oRGCs. Accordingly, Shh signalling is stronger in the developing cortex of gyrencephalic mammals as compared with the one of lissencephalic mammals [40, 42] .
The Wnt/b-catenin signalling pathway
The canonical Wnt signalling pathway plays major roles during brain development [43] . Wnt ligands are secreted glycoproteins binding to a complex made of Frizzled and the lipoprotein receptor-related protein (LRP) 5/6 localized at the plasma membrane of APs. Ligand binding induces stabilization of the cytoplasmic b-catenin, otherwise degraded following its phosphorylation by GSK3b. Once stabilized, b-catenin translocates into the nucleus and associates to TCF/LEF transcription factors family, which become activators and promote the transcription of downstream targets [44] .
The cortical hem is a transient structure of the dorsomedial telencephalon that secretes both BMP and Wnt (2b, 3a, 5a, 7b, 8b) and acts as a signalling centre that orchestrates the patterning of the dorsoventral cerebral cortex [45] [46] [47] . Wnt activity is initially sparse in the developing cerebral cortex at E8.5, but from E10.5, it distributes along a dorsally restricted medial-to-lateral gradient [48] . This gradient is concomitant with the establishment of an opposing anteroposterior and lateromedial neurogenesis gradient [49] . Thus, Wnt signalling plays a pivotal role in the specification of the dorsoventral and mediolateral telencephalon [48, 50] .
Complementary studies uncovered the roles of Wnt signalling in the regulation of RGCs and IPs during cortical development by experimentally modulating the expression of Wnt ligands, receptor or downstream effectors. Increasing b-catenin from early corticogenesis strikingly expands the NEC population by decreasing their cell cycle exit and by delaying the neurogenic period [48,51-53]. In contrast, the forced activation of Wnt signalling in APs from early or mid-neurogenesis leads to the expansion of the SVZ, the IPs pool and the neuronal output [52,54,55]. The increased IPs and neuronal population following Wnt signalling gain of function results from its positive regulation on N-myc and Ngn1 transcription, respectively.
Repressing this molecular pathway at mid-neurogenesis impairs the expression of Pax6 and ultimately leads to the depletion of APs, IPs and projection neurons while increasing astrogliogenesis [54, 56] . Indeed, it has been reported that Wnt signalling promotes the generation of oligodendroglial progenitors by RGCs during late embryogenesis, while a similar role is attributed to Shh for the specification of ventrally derived oligodendrocyte progenitors [57] .
Taken together, these observations suggest that the cellular and molecular outcomes of the canonical Wnt pathway are stage dependent. At the early corticogenesis, the pathway promotes self-renewal of NECs and RGCs, and then it favours IPs and neuronal differentiation as development proceeds and finally induces oligodendrocyte differentiation from RGCs at the end of corticogenesis.
In addition to its involvement in Wnt signalling, b-catenin has also an independent function in the regulation of adherens junction complex and thus participates to the establishment of the APs apico-basal polarity [58] . In order to segregate the dual function of b-catenin and delineate the consequences of Wnt/ b-catenin signalling knockdown during cortical neurogenesis, a mouse model deficient for Wnt signalling but preserving the function of b-catenin towards the adherens junction was generated. Analyses of these transgenic mice showed a precocious loss of the APs pool following differentiation in IPs and an overall decrease in cortical wall thickness [59] . This suggests the existence of a b-catenin independent function of Wnt in the regulation of the AP biology.
Bone morphogenetic proteins
Bone morphogenetic proteins (BMPs) are members of the TGF-b superfamily that bind to heterotetrameric complexes composed of pair type I/II receptors and co-receptors. Activation of these complexes results in the phosphorylation of cytoplasmic R-Smads 1, 5 or 8 which in turn bind to co-Smad4 and translocate to the nucleus to initiate transcriptional activity [60] . BMPs (2, 4, 5, 6, 7) are secreted by the cortical hem and cooperate with Wnts to promote the dorsomedial patterning of the telencephalon [45]. In addition, BMP signalling controls the specification of the dorsal midline and the development of the choroid plexus [61] . The impact of BMPs on corticogenesis has been investigated by depleting their receptors in the telencephalon. Interestingly, beside the midline defects and absence of choroid plexus, the cortical progenitor specification is preserved and the pattern of neurogenesis is maintained [62] . Moreover, continuous activation of BMP signalling in cortical progenitors induces plexus choroid cell formation, confirming the importance of BMP signalling in midline development [63] .
In the developing cortex, BMP-2 and BMP-4 ligands are the main effectors of the BMP signalling. Previous studies reported that BMP signalling favours the neuronal differentiation of RGCs [64,65]. In accordance with these studies, it was also shown that lack of the histone deacetylase HDAC6, a negative regulator of BMP2/4 signalling during cortical development, leads to premature differentiation of RGCs into neurons [66] . Besides its role in neurogenesis, BMP signalling also controls postmitotic processes such as the transition of multipolar to bipolar morphology of projection neurons migrating in the SVZ and lower intermediate zone (IZ) through regulation of the expression of the microtubule-associated protein CRMP2 (collapsing response mediator protein 2) [67] . At later stage, during the period of gliogenesis, overexpressing BMP4 impedes the production of oligodendrocytes by RGCs at the expense of astrocytes [68] .
Fibroblast growth factors
The fibroblast growth factors (FGFs) includes 22 secreted ligands subdivided into seven families [69]. The signalling is mediated by four different tyrosine kinase receptors: FGFR1 to FGFR4. The FGF signalling promotes downstream activation of distinct pathways such as the PI3-kinase, the Akt and the PKC pathways. However, the Ras/Erk1/2 Map kinase pathway is the predominant one and can be activated by all FGF receptors [69].
In the telencephalon, FGF 3, 8, 15, 17 and 18 are secreted from E9.5 by the anterior neural ridge located in the rostral edge of the telencephalon [70]. FGF7 and 15 are secreted by the anti-hem, another signalling centre located in the lateral part of the pallial/subpallial boundary [71] . The patterns of expression of the different FGFs are tightly regulated and contribute to the patterning of the cerebral cortex. For example, FGF8 and FGF17 are distributed along an anterior high/caudal low-expression pattern. The concomitant reduction of FGF8 and FGF17 expands the caudal part of the cortex at the expense of its rostral part, while reducing FGF15 has the opposite effect [72, 73] . The experimental addition of a second source of FGF8 secretion in the caudal part of the telencephalon rostralizes it and duplicates part of the somatosensory cortex in the mutant adult mouse [74, 75] .
At the cellular level, FGFs promote the formation and self-renewal of RGCs [76] . Three of the four FGF receptors are expressed with specific spatial patterns along the progenitor region. FGFR1 shows a high rostrocaudal expression pattern while FGFR2 and FGFR3 have mirrored distribution [77] . Knocking down FGFR1 leads to loss of rostral identity together with a failure of the development of the olfactory bulbs [77] . Depleting all FGFRs in the dorsal telencephalon by E10 leads to precocious neurogenesis, resulting in a reduced cortical surface area in both rostral and caudal parts [78, 79] . Intriguingly, the phenotype is associated with reduced Notch signalling and downexpression of its associated genes [78] . Moreover, the loss of FGFR expression can be partially compensated by a simultaneous gain of function of Notch signalling, suggesting a cross-talk between these two pathways [78] .
Fibroblast growth factor ligands can act synergistically to complete their function. For instance, the depletion of FGF8 leads to a severe rostral hypoplasia resulting from the reduction of progenitor proliferation and survival [72] . This phenotype is worsen by the inactivation of FGF3 in the FGF8 KO mouse line [80] . Other ligands such has FGF2, FGF8 and FGF15 show opposite functions, with FGF15 promoting progenitor differentiation while FGF8 and FGF2 favouring their self-renewal [73, 81] .
In summary, the general function of the FGF signalling seems to be the maintenance of RGCs stemness and consequently the control of the normal growth of the brain [78, 79] . It is also worth noting that, as it was described for the Shh pathway, the FGF signalling contribute to the expansion of the SVZ during cortical development but the targeted population is controversial [40, 82, 83] . Rash et al. [82] reported that increased FGF signalling enhances the production of IPs without affecting oRGCs and leads to gyri formation in the rostrolateral developing forebrain. In contrast, Heng and colleagues reported that Erk-FGF signalling was more important in human compared to mouse RGCs and that increasing the signalling in mice leads to the generation of oRGCs population without inducing folding in the neocortex [83] .
Fibroblast growth factor signalling has also been reported to play fundamental role in the specification of GE-derived interneurons and this, in a Shh-independent manner [84] . Indeed, the depletion of FGFR1 together with FGFR2 or FGFR3 prevents, respectively, the development or the differentiation of ventral progenitors. Unlike Shh knockout, the phenotype cannot be rescued following Gli3 overexpression, suggesting a Shh-independent function for FGF signalling in the ventral telencephalon.
Local cues influencing the biology of cortical progenitors
Besides morphogens, other external factors arising from the cellular environment influence cortical neurogenesis. In the following section, we will highlight the role of direct cellular contacts in the control of neurogenesis by focussing on the Notch signalling pathway. We will next discuss the importance of integrins in the response of RGCs to the extracellular matrix (ECM).
Notch signalling: a neighbouring cell-derived signal
Notch receptors are transmembrane receptors composed of an extracellular EGF-like domain that bind ligands and an intracellular domain that upon ligand binding and enzymatic cleavage transduces an intracellular signal [85] . In the developing cortex, Notch1 and Notch3 receptors are expressed by RGCs and the ligands, belonging to the Jagged or Delta-like (DLL) families, are expressed by neighbouring neurons or IPs. The signalling pathway is activated in RGCs following cell-to-cell contact with neighbouring cells and can be reinforced by the expression of lunatic fringe in RGCs, which induce glycosylation of the EGF-like domain of the receptor. Once the ligand binds Notch receptor, Notch undergoes two successive cleavages. The first one is driven by ADAM10 and the second one by c-secretase, releasing, respectively, the extracellular domain and the Notch intracellular domain (NICD). NICD translocates to the nucleus and binds to CBF1 or Rbpj co-factor to initiate the transcription of several genes, including the Hairy enhancer of split (Hes) genes.
Hes are basic-helix-loop-helix (bHLH) transcription factors that repress the expression of proneural genes, further ensuring RGCs stemness maintenance [86] .
Hes exert a negative feedback loop on their own promoter, leading to an oscillatory pattern of their expression [87, 88] . This characteristic pattern is fundamental for RGCs cell-cycle progression and a sustained Hes expression impedes neuronal generation [89] . Hes1, the key effector of the Notch signalling, is expressed in RGCs in a cell-cycle-dependent fashion and absent from cells undergoing mitosis [90] . Its genetic loss leads to brain hypoplasia resulting from a failure of RGCs maintenance and premature neurogenesis [91, 92] .
Following asymmetric division of RGCs, Hes1 gene is epigenetically silenced allowing some proneural genes, such as Ngn2 or Ascl1, to become dominants and to promote the differentiation of the daughter cells into neuron or IPs [93, 94] . The proneural transcription factors induce the expression of DLL that can activate Notch signalling on the RGCs remaining sister cell [95] . This process of lateral inhibition is necessary to avoid the simultaneous differentiation of all progenitors.
Furthermore, additional evidences demonstrating the importance of Notch signalling in the control of neurogenesis originate from loss of function studies upstream of Notch receptor activation. The RING finger E3 ubiquitin ligase mind bomb 1 (MIB1) regulate DLL endocytosis in an ubiquitination-dependent manner in the signal sending cells and trans-endocytosis of the Notch extracellular domain by the signal receiving cells, promoting NICD cleavage and signal transduction [96, 97] . The conditional deletion of MIB1 during neocortical development results in RGCs depletion and precocious neurogenesis [98] . Interestingly, this study reports that MIB1 is expressed in neurons and particularly in IPs, indicating that different progenitor populations can interact and mutually regulate each other to control the balance between self-renewal and neuronal differentiation in the mouse cortex. A recent work provided evidence that during neurogenic divisions, MIB1 is asymmetrically localized at the daughter centriole and then inherited by the future neuron, identifying the Notch regulator MIB1 as an intrinsic fate determinant [99] .
Integrin signalling and the extracellular matrix
Integrins belongs to a large family of heterodimeric transmembrane receptors composed by the association of an a and a b subunit. Depending on the a subunit subtype involved in the complex, the receptor binds to specific components of the ECM such as collagens, laminins or fibronectins [100] . Upon ECM binding, integrins interact at the intracellular level with cytoskeletal proteins to mediate cell-adhesion and trigger signalling pathways such as Erk-MAPK signalling to promote proliferation and survival. In this context, integrins are key cellular receptors for sensing of the environment.
Conditional inactivation of b1-integrin in RGCs leads to defects in the organization of the laminar cytoarchitecture [101] . It is worth noting that these abnormalities are not associated with neither neuron-glia interactions nor neuronal migration defects. These defects are rather secondary to disruption of the pial basement membrane assembly and detachment of RGCs basal processes from the basement membrane, followed by enhanced apoptosis of RGCs [101, 102] . In accordance, specific inactivation of b1-integrin in migrating neurons results in a normal cortical layers patterning, strengthening the idea that b1-integrin are primarily needed for RGCs attachment to the basement membrane [103] .
Beside their role in the maintenance of position and morphology of RGCs through physical adhesions, integrins are necessary to convey signals originating from the ECM at the basal lamina, regulating the proliferation of neural progenitors. In particular, disruption of integrins in human and ferret, a gyrencephalic nonprimate, leads to a reduced number of proliferating oRGCs but not IPs that lack a basal process, suggesting that neocortical expansion is, at least in part, controlled by integrin signalling in the basal process [104] . This notion is in line with previous studies uncovering the role of the basal process for the self-renewing potential of RGCs [105] [106] [107] . More recently, it was shown that activation of integrin avb3 in IPs lacking a basal process results in their expansion via an increase of symmetric proliferative divisions at the expense of symmetric neurogenic divisions [108] . Interestingly, comparative transcriptomic analyses of the human and mouse VZ/SVZ suggested an implication of cell-ECM interactions in the expansion of the SVZ [109] .
In addition to their role at the basal side of RGCs, integrins and their ligands, such as laminins, are also expressed within the VZ microenvironment, suggesting a role for laminin/integrin adhesive signalling in the regulation of RGCs proliferation [110] . At the apical domain of RGCs, b1-integrin localization was shown to be regulated by Ephrin B1 signalling [111] . Transient disruption of b1-integrin/laminin binding specifically in the VZ by antibody injections into the ventricles of the embryonic mouse brain induces the detachment of RGCs apical processes and proliferation defects due to abventricular mitosis, resulting in cortical layering abnormalities [112] . Interestingly, these defects were also observed in laminin a2-deficient brains [112] .
Crosstalks between signalling pathways
Several external factors work in concert during embryogenesis to ensure proper cortical development. Such crosstalks are exemplified by the interplay between Notch and Shh signalling during neurogenesis. Indeed, activation of the Shh signalling pathway in RGCs leads to upregulation of Hes1 and Blbp transcription factors, two downstream targets of the Notch signalling pathway [113] . The subsequent consequence is an increase of RGCs symmetric proliferative divisions at the expense of neurogenic divisions. The concomitant attenuation of Notch signalling in Shh-activated RGCs rescues the balance between self-renewing/neurogenic divisions [113] . A new feedback signalling originating from immature neurons for the regulation of RGCs proliferation has recently been uncovered. Activation of Fzd3 and Celsr3, expressed at the surface of immature neurons, by Wnt7a, promotes Notch ligand Jag1 expression. Jag1 binds and stimulates Notch activation in RGCs, thus regulating their fate [114] .
Some morphogens work in concert to establish transcription factors gradients in the developing brain. Wnts and BMPs cooperate to establish Emx2 gradient in the dorsal telencephalon and require Gli3, a Shh effector [115, 116] . Beside the critical role of Gli3 in opposing Shh effect in the dorsal telencephalon, it is also known to repress the activity of FGF8, 15, 17 and 18 ligands. Notably, it has been reported that FGFs can increase Wnt8b and Gli3 activity in the cortex, supporting some level of interaction between distinct factors controlling brain patterning [117] .
Pathophysiological mechanisms triggered by viruses in cortical progenitors
Environmental factors that disrupt the early steps of cortical development can have major impact on brain growth and establishment of the cerebral cortex histology and function. This is exemplified by congenital infections after vertical (mother to foetus) transmission of viruses that impairs cortical neurogenesis and neuron survival in patients.
Cytomegalovirus
The cytomegalovirus (CMV) belongs to the herpes virus family. In most cases, CMV infection is asymptomatic but leads to dramatic consequences in immunodepressed patients, including visual impairment and brain lesions [118] . The risk of vertical transmission of CMV during pregnancy depends on the gestational stage but globally around 1% of newborns are infected [119, 120] . CMV has a strong brain tropism and targets mostly APs [121] . Thus, congenital infection by CMV is associated with neurogenesis and subsequent neurological defects such as sensory neural hearing loss, microcephaly and intellectual deficit [121] [122] [123] .
CMV enters APs via proteins expressed at the cell surface, such as integrin and EGF receptors [124] . Mouse embryos infected with mouse CMV (MCMV) show impaired self-renewal of neural progenitor, abnormal neuronal differentiation and migration impairments that can ultimately lead to microcephaly [125] [126] [127] . The same cell characteristics were observed on cultured human neural stem cells (hNSCs) infected with human CMV (HCMV) [127, 128] . Since Notch signalling controls maintenance of NSC, this molecular pathway was investigated in the context of CMV infections. The analysis revealed that infected hNSC undergo downregulation of Notch1 receptor with an increased degradation and an abnormal perinuclear aggregation of both Jag1 ligand and NICD [129] . Immediate early (IE) genes from the viral genome are the first to be transcribed after cellular infection [130] . The Hes1 transcription factor is downregulated following excessive proteosomal IE1-mediated degradation. This in turns affect neurogenesis by disrupting its oscillatory pattern of expression [129, 131] .
A link between HCMV and Wnt signalling has been established. HCMV-infected cells have reduced Wnt signalling as a result of the increased degradation of b-catenin and the subsequent downregulation of its downstream targets [132, 133] . However, these studies were carried on human foreskin fibroblasts and need to be replicated in hNSCs.
ZIKA virus
ZIKA virus (ZIKV) is a mosquito-borne flavivirus isolated for the first time in 1947 in a rhesus macaque from the Ugandian Zika forest [134] . Since its discovery, ZIKV spreads on different continents, underwent many mutations and is currently characterized by different strains, mostly African-or Asian-related. The contemporaries American Asian-derived strains are more virulent than their ancestors [135, 136] . Major attention has been focused on ZIKV by the end of 2015, when congenital infections were correlated with an increased rate of microcephaly in newborns [137, 138] . Similarly to CMV, ZIKV crosses the placental barrier and target the brain with a high tropism for APs [139] [140] [141] . Using hNPC as an in vitro model, many studies reported that ZIKV infection impaired the survival and proliferation of progenitors [139, 142, 143] . Importantly, ZIKV genome encodes structural and nonstructural (NS) proteins. The NS4A and NS4B viral proteins impair hNPC growth and neurogenesis by interfering with Akt-mTOR pathway, involved in autophagy process [144] . In brain organoids, ZIKV infection leads to precocious differentiation of RGCs resulting in a depletion of the progenitor pool [145] . In vivo infection of mouse embryos with ZIKV showed that the virus targets cortical progenitors and impairs their proliferation [146, 147] . Moreover, the differentiation of RGCs is impaired resulting in a reduced neuronal output in the CP [147] . The microcephaly induced during the embryonic stage is maintained in early postnatal days [146] . It was also reported that gain of function of NS2A of ZIKV reduced RGCs proliferation and fasten their differentiation likely by promoting apical delamination after disruption of adherent junctions complex, including b-catenin [148] .
Concluding remarks
The apical progenitors are the founding progenitors in the cerebral cortex. Their biology is shaped by the interplay between intrinsic and extrinsic factors, which is critical for proper development of the cerebral cortex. Many studies focused on the role of cell intrinsic regulators of APs to drive cell-cycle progression or the mode of cell division. However, cortical patterning and neurogenesis are highly influenced by physiological environmental cues enriched in the CSF or at the vicinity of the developing cortex (Fig. 2) . Growing evidences suggest that some of these factors are enriched in the embryonic brain of gyrencephalic species as compared to the lissencephalic ones and contribute to the expansion of the SVZ progenitors [40, 82, 83] . It is, however, controversial whether increasing IPs or oRGCs population ultimately leads to the folding of the cortex. Furthermore, the origin of the enrichment of these factors and the implication of other morphogens on the gyrification process are actually poorly investigated. Recent advances obtained with human cerebral organoid models will likely help us to better understand the role of physiological external factors on human corticogenesis [149, 150] . Such models are currently used to characterize the impact of viral infection on the initial steps of neurogenesis, but they will require further technical improvement to address late event such as neuronal differentiation and migration [143, 151] . 
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